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Abstract

Sugar content is pivotal in determining the flavor quality of tomato, and numerous genes
related to tomato fruit quality have been identified. The distribution of sugar sources
in plants primarily relies on the functionality of sugar transporters. Despite this, the
specific role of SUT2, a sucrose transporter family member, in sugar accumulation within
tomato fruits is still unclear. This study demonstrates that SUT2 is localized to the plasma
membrane and possesses the function of transporting sucrose from the extracellular side to
the intracellular side of the plasma membrane. Its expression level progressively decreases
during fruit development. SUT2 knockout resulted in a significant increase in sugar content
in tomato fruits. Further investigation revealed that the elevated sugar levels in knockout
lines were accompanied by alterations in the expression of the sugar accumulation related
genes STP1 and CDPK26/27. These findings provide new insights into the biological role
of SUT?2 in regulating sugar content in tomato fruits, improve our understanding of sugar
accumulation mechanisms in tomato fruits, and offer valuable perspectives for quality
improvement in tomato.

Keywords: Solanum lycopersicum L.; SUT2; sugar transporter; soluble solid; STP1; CDPK26/27

1. Introduction

Photosynthesis, the principal process of carbon fixation on Earth, harnesses light
energy to transform carbon dioxide into triose phosphate within chloroplasts. A portion of
this triose phosphate is retained in the chloroplasts for the synthesis of starch, which is later
hydrolyzed into monosaccharides and transported to the cytoplasm during the night. The
remaining triose phosphate is directly transported to the cytoplasm, where it is converted
into sucrose through enzymatic reactions mediated by sucrose phosphate synthase [1,2].

The role of carbohydrates in plant growth and development is crucial, as they serve
not only as a carbon source for energy but also as signaling molecules that regulate plants’
responses to external environments [1,3-5]. Sucrose serves as the predominant form of
photosynthetic products in the majority of plants, through apoplastic and symplastic
loading involving companion cell sieve element (CC-SE) complexes in the vascular tissues
from source to sink [6-8].

The transport of sugars is fundamentally linked to sugar transporters, making a
thorough understanding of these transporters essential for elucidating source-sink allo-
cation in plants. Previous research has primarily categorized sugar transport families
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into three groups: the Monosaccharide Transport (MST) Family, the Sucrose Transport
(SUT/SUC) Family, and the SWEET family [9,10]. The MST family, comprising 53 members,
is subdivided into seven subfamilies: sugar transporters (STPs), polyol/monosaccharide
transporter (PMTs), early response to dehydration-like (ERDLs), inositol transporters (INTs),
plastid glucose transporters (pGlcTs), tonoplast sugar transporter (TSTs), and vacuolar
glucose transporters (VGTs) [11-14]. Sucrose transporters (SUTs/SUCs) function as energy-
dependent, proton-coupled transporters with 12 transmembrane domains and are divided
into five subfamilies: SUT1-SUT5 [2,15-19]. The SUT1 subfamily, found exclusively in
dicotyledonous plants, is localized within the plasma membrane of cells [16]. Both the
SUT2 and SUT4 subfamilies are present in monocotyledonous and dicotyledonous plants,
localized, respectively, in the plasma membrane and vacuolar membrane [2]. The exclu-
sive presence of the SUT3 and SUT5 subfamilies in monocotyledonous plants suggests a
potential evolutionary link among sucrose transport proteins in these species.

Sucrose transporters (SUTs) play a crucial regulatory role in sucrose transport, mod-
ulating source distribution, which is essential for plant growth, development, and stress
response [20]. In Arabidopsis thaliana, AtSUC2 is pivotal in phloem-mediated sucrose
transporter. Mutations in these transporters increase sugar content within source leaves,
impairing overall plant growth, development, and abiotic stress tolerance [21]. In rice,
OsSUTT1 alters sucrose transport, leading to reduced plant height and impaired anther
germination or pollen tube elongation, resulting in grain sterility [22,23]. In maize, Zm-
SUT1 mutation disrupts source transport, elevating leaf sugar content and stunting growth,
while ZmSUT2 mutation impedes development and reduces yield [24,25]. Interfering
with CiSUT1 expression notably increases sucrose content in citrus plants [26]. In melons,
CmSUTS3 facilitates sucrose transport to parenchyma cells in fruits, influencing sugar accu-
mulation [27]. It has been reported that MdSUT4.1 in apples exerts a negative regulatory
effect on fruit sugar content [28]. Moreover, MdAREB2 binds and activates the expression of
MdSUT], resulting in an increase in apple sugar content [29]. MdSUT2.2 is phosphorylated
by specific protein kinases to enhance salt tolerance [30]. Through its interaction with
SISUT1, tomato SISUT4 modulates the plasma membrane targeting of SISUT1, regulating
sucrose output in leaves and sugar concentration at stem tips to control flowering time [31].

The LeSUT?2 in tomato exhibits responsiveness to the sucrose signal [32]. LeSUT2
shows several similarities with the yeast sugar sensors SNF3 and RGT2 and has been
identified as a potential sucrose receptor in tomato. Inhibiting LeSUT2 through RNA
interference leads to reduced fruit size [33], lower sugar content, and decreased seed
production [34]. Although previous studies have shown that SUT?2 positively influences
sugar content in tomato fruits, the specific mechanisms of regulation have yet to be clarified.

Our findings reveal the phenotype and function of SUT2. Heterologous expression
in yeast confirmed sucrose transport activity by SUT2 and directional transport across the
plasma membrane from extracellular to intracellular compartments. Knockout of SUT?2
significantly increased glucose, sucrose, and fructose content in fruits, whereas malate
and citrate levels exhibited no significant changes. Further analysis suggested that low-
glucose signaling following SUT2 knockout alters expression levels of Sugar Transport
Protein 1 (STP1) and Calcium-dependent Protein Kinase 26/27 (CDPK26/27), ultimately leading
to elevated sugar accumulation in fruits. These findings offer novel insights for improving
tomato quality through molecular breeding strategies targeting sugar metabolism.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The tomato cultivar Ailsa Craig (AC) was used for the transformation experiments.
Plants were grown in a greenhouse at 25 + 2 °C with a photoperiod of 16 h light/8 h
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darkness with 60-70% relative humidity. One month later, the plants were transferred to
the field for routine water and fertilizer management.

2.2. Vector Construction and Tomato Transformation

SUT2-knockout lines were generated using a CRISPR/Cas9 binary vector named pTX.
All primer sequences used in this study are listed in Supplementary Table S1. Agrobacterium-
mediated transformation facilitated the introduction of these constructs into AC plants [35].
gDNA was extracted from T1 generation gene-edited lines for pTX vector detection to
ensure complete segregation of pTX and thus exclude any influence of the vector itself on
the phenotype. Subsequently, detection primers were designed to flank the target sites.
Following PCR amplification, Sanger sequencing was performed. The sequencing results
were then compared with the reference genome sequence to screen for two homozygous
edited lines, which were used in further analysis. The codon-to-amino acid correspondence
was then used to derive the amino acid sequences of the edited lines. Different amino acid
sequences were considered to have distinct editing types.

2.3. Subcellular Localization

The full-length coding sequences (CDS) of SUT2, excluding termination codons, were
amplified from the cDNA of “Ailsa Craig” (AC) and cloned into the 101-YFP vector un-
der the control of the CaMV35S promoter [36]. Agrobacterium strain GV3101 harboring
CaMV35S:SUT2-YFP, along with the nuclear marker CaMV35S:StERF3-RFP [37], was in-
filtrated into tobacco leaves. Following a 48 h incubation period, confocal laser scanning
microscopy (Leica SP8, Leica, Wetzlar, Germany) was employed to visualize the fluores-
cence of yellow fluorescent protein (YFP) and red fluorescent protein (RFP).

2.4. Plant Phenotyping

SSC was quantified as Brix in total fruit juice from red-ripe fruits using a digital refrac-
tometer (PAL-BX | ACID 3, ATAGO, Guangzhou, China). Glucose, fructose, sucrose, malate,
and citric acid were measured by gas chromatography (GC). The red-ripe fruits and leaves
were ground with liquid nitrogen and further extracted with 80% methanol. The extracted
samples were concentrated in vacuo and then derivatized with hydroxylamine hydrochlo-
ride, hexamethyldisilane (HMDS, Sigma, St. Louis, MI, USA), and trimethylchlorosilane
(TMCS, Sigma, St. Louis, MI, USA). Derivatized supernatants were added to a 2 mL
automatic injection bottle for GC-FID (Newton, MA, USA) analysis.

2.5. RNA Extraction and Gene Expression

Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA, USA)
and further reverse-transcribed into cDNA using a HiScriptlIl 1st Strand cDNA Synthesis
Kit (Vazyme, Nanjing, China). The relative transcript levels of specific genes were quan-
tified using qRT-PCR. The relative expression of specific genes was quantified using the

2-84C method, and the actin gene was used as a constitutive internal control.

2.6. RNA-Seq

Samples from SUT2-knockout lines and WT were collected with three biological
replicates, and each replicate contained 10 red ripe fruits from three plants. RNA was
extracted, and RNA-seq was performed using a HiSeq-PE150 sequencing system (Illumina,
San Diego, CA, USA). We used the average FPKM (expected number of fragments per
kilobase of transcript sequence per million base pairs sequenced) value as a measure of
gene expression [38]. A gene yielding > 2-fold expression with p < 0.05 was classified as
a DEG.
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2.7. Heterologous Expression in Yeast

The ORF of SUT2 was cloned into the yeast expression vector pDR196 to test the
functionality of SUT2 [39]. The fragment was subcloned into the corresponding restriction
sites of pDR196 to yield SUT2-pDR196, and the construct was confirmed by sequencing.

The yeast strain EBY.VW4000 was transformed with SUT2-pDR196, as described
previously [40]. pDR196 and CsHT11-pDR196 were used as negative and positive controls,
respectively. The plasmids pDR196, SUT2-pDR196, and CsHT11-pDR196 were transformed
into the yeast strain EBY.VW4000 using a mini-preparation method. Transformants were
plated on SD/-Ura (maltose) medium and incubated at 30 °C. After 3 days, single colonies
were picked and expanded for culture. Yeast plasmids were extracted to confirm positive
transformation. Successfully transformed yeast cultures were serially diluted (1x, 10x,
100x, 1000x) and spotted onto solid media containing distinct sugar sources (maltose,
glucose, fructose, galactose, and sucrose). Growth phenotypes were documented following
a 3-day incubation period.

Sucrose Analog (Esculin) Transport Assay: The plasmids pDR196, SUT2-pDR196, and
AtSUC2-pDR196 (positive control) were transformed into the yeast strain W303 via mini-
preparation. Transformants were plated on SD/-Ura (glucose) medium and incubated at
30 °C. After 3 days, single colonies were selected and cultured for expansion. Plasmids from
yeast were extracted for positive clone verification. Cells from confirmed transformants
were harvested, washed once with PPB buffer, and resuspended to an OD600 of 2.0. Esculin
was added at varying concentrations under dark conditions and co-incubated for 4-8 h.
Uptake was visualized using confocal laser scanning microscopy within the 465-600 nm
blue light emission spectrum.

2.8. Sugar Induction Experiment

Three days post-germination, AC seeds were planted in 50-well trays. Seedlings were
transplanted at the three-leaf stage and treated with a 0.2% or 2% solution of mannitol,
glucose, or sucrose (wt/vol) combined with 0.2%. Silwet L-77 surfactant at the five-leaf
stage. Each treatment had three biological replicates, with three plants per replicate. After
a 24 h treatment period, the leaves were washed with ddH,O and air-dried, while foil
samples were immediately frozen in liquid nitrogen for later expression analysis.

3. Results
3.1. SUT2 Expression Decreased with Fruit Ripening in Tomato

Sugar transporters play an indispensable role in the source sink allocation of pho-
tosynthetic products. To investigate the function of this large gene family during fruit
development, we analyzed the expression patterns of different types of sugar transporters
across various fruit development stages. Using published data displaying gene expression
profiles, we quantified stage-specific expression levels of individual genes, with “ACTIN”
as the reference standard [41]. Heatmap analysis revealed that SUT2 expression gradually
decreased during fruit development (Figure 1), while soluble solids content (SSC) pro-
gressively increased [42]. This inverse correlation suggests that SUT?2 likely negatively
regulates SSC accumulation during fruit development.
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Figure 1. Expression patterns of sugar transporter in fruit ripening process. RNA seq data was
retrieved from Li et al. (2024) [41] and normalized against actin gene. DPG means days post
seed germination.

3.2. SUT2 Knockout Promotes Sugar Accumulation in Tomato Fruit

To investigate the role of SUT2 in sugar accumulation in tomato fruits, we generated
knockout lines in Ailsa Craig (AC) tomato using CRISPR/Cas9 technology. Through
further screening, we obtained two homozygous edited lines (Figure 2a). The qRT-PCR
results showed an 84% and 89% reduction in SUT2 expression levels in the CR-3 and CR-6
lines, respectively (Supplementary Figure S1b). Both mutation types resulted in premature
termination of translation, thereby affecting protein function (Supplementary Figure Slc).

We performed phenotypic observations on the SUT2-knockout lines. Compared to the
control, the fruit sizes of the two knockout lines were relatively reduced (Supplementary
Figure S1a). We measured the soluble solids content (S5SC) in mature fruits. The results
showed that the SSC increased by 15% and 22% in the CR-3 and CR-6 knockout lines,
respectively (Figure 2b). Furthermore, we analyzed the contents of sucrose, glucose,
fructose, citric acid, and malic acid in the fruits using GC-FID. The results revealed that
compared to the control, sucrose content increased 4.7-fold and 3.8-fold, glucose content
increased 1.4-fold and 1.2-fold, and fructose content increased 1.2-fold and 1.0-fold in the
CR-3 and CR-6 knockout lines, respectively. However, the contents of malic acid and citric
acid showed no significant changes (Figure 2c—g).

Functioning as the principal source tissue for photosynthates, leaves conduct photo-
synthesis and translocate the resulting assimilates to the fruit through the xylem, thereby
promoting fruit growth and development [43]. Given that sugar accumulation involves
allocation between source and sink tissues, we further quantified the sugar and organic acid
content in mature source leaves of the knockout lines. The analysis showed no significant
changes in the sugar or organic acid content in the source leaves of the knockout lines
(Supplementary Figure S2). These results indicate that knocking out SUT2 effectively
promotes sugar accumulation in fruits but does not affect sugar and acid content in
source leaves.
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Figure 2. Phenotypes of red-ripe fruits in the SUT2 knockout (CR) lines. (a) Mutation types of SUT2
in the CRISPR lines. WT represents the wild type Ailsa Craig (AC). CR-3 has a 1 bp insertion at the
first target and a 1 bp deletion at the second target. CR-6 has a 1 bp insertion at the first target. The
boxed sequence denotes the PAM sequence. (b) Soluble solids content (SSC) of WT and SUT2-CR
lines. c—g. Sucrose content (c), glucose content (d), fructose content (e), citric acid content (f), and
malic acid content (g) of the WT and SUT2-CR lines. The data represent means =+ standard deviation.
Apart from the measurement of SSC, which employed twelve replicates, all other analyses in this
study were performed using three replicates. Asterisks indicate significant differences: “**” p < 0.01.

3.3. Temporal and Spatial Expression Profiles of SUT2

Spatial and temporal expression patterns are crucial for protein function and phe-
notypic regulation. We predicted, using the online server https://cello.life.nctu.edu.tw/
(accessed on 10 August 2025) indicated, that SUT?2 is localized to the plasma membrane. To
confirm SUT2 localization, we amplified its coding sequence (CDS) without a stop codon
from AC cDNA and cloned it into the 101YFP vector via homologous recombination. The
construct was co-infiltrated into Nicotiana benthamiana leaves with agrobacterium carrying
plasma membrane-localized CBLN-RFP (marker). After 3 days of expression, observation
under a confocal laser scanning microscope revealed distinct yellow fluorescence on the
plasma membrane, which colocalized with the plasma membrane marker, resulting in
orange merged fluorescence (Figure 3a,b). This indicates that SUT2 is indeed localized to
the plasma membrane, consistent with the online prediction.

The transmembrane structure is essential for enabling transport proteins to perform
their transport function. We analyzed the transmembrane structure of SUT2 using the
TMHMM-2.0 webserver (https:/ /services.healthtech.dtu.dk/services/TMHMM-2.0/ (ac-
cessed on 23 March 2023)). The results indicate that SUT2 possesses the characteristic
11 transmembrane domains (TMDs) of the sucrose transporter family and lacks a signal
peptide (Supplementary Figure S3a). To investigate SUT2 expression across different tis-
sues, total RNA was extracted from various organs of AC plants for reverse transcription.
qRT-PCR results showed that SUT?2 is constitutively expressed, detectable at all develop-
mental stages, with the highest expression in leaves (Figure 3b). Further gRT-qPCR analysis
of distinct fruit developmental stages revealed relatively higher SUT2 expression during
early stages of fruit development, similarly to previous reports (Supplementary Figure S3b).
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Figure 3. SUT2 localization and expression analysis. (a) Subcellular localization assay in tobacco
leaves confirmed SUT1 localization on the plasma membrane, as demonstrated by the complete
overlap of its yellow fluorescence with the plasma membrane-specific red fluorescent marker.
(b) The fluorescence intensity along the white lines indicated in panel (a) was quantified, using
green to represent the signal instead of yellow. (c) Tissue-specific expression analysis of SUT2. “R”
indicates root, “S” indicates stem, “L” indicates leaf, “F” indicates flower, “IM” indicates immature
fruit, “MG” indicates mature green fruit, “BR” indicates breaker fruit, “YR” indicates yellow ripe
fruit, and “RR” indicates red-ripe fruit. The data represent the means =+ standard deviation (1 = 3).

3.4. SUT2 Is a Plasma Membrane-Localized Sucrose Transporter

Previous studies have demonstrated the glucose transport function of SUT2, while its
sucrose transport capacity remains unconfirmed [33]. To investigate the hexosaccharide
transport capability of SUT2, we utilized the yeast strain EBY.VW4000, characterized by a
monosaccharide absorption deficiency [44], with PDR196 serving as the negative control
and CsHT11 as the positive control [45]. Our findings indicated that yeast strains expressing
SUT2-PDR196 were unable to proliferate on media containing glucose, fructose, or galactose,
confirming the absence of hexose transport activity in tomato SUT2 (Figure 4a—d).

To explore the specific sucrose transport function of SUT2, we carried out an incubation
experiment with the SUT2-PDR196 vector in yeast strain W303 using a sucrose buffer
containing the fluorescence analog of sucrose, Esculin [46]. Subsequently, microscopic
observation was performed. The results revealed that no fluorescence signal was detected
in the control yeast cells. Cytoplasmic fluorescence was evident in both the SUT2-PDR196
and AtSUC2 transformed yeast strains (Figure 4e). These findings suggest that SUT2
facilitates the translocation of Esculin from the plasma membrane into the cytoplasm.

3.5. Transcriptome Profiling in Tomato Fruits of SUT2-Knockout Lines

To further dissect the mechanism underlying the effect of SUT2 on SSC in tomato
fruit, we conducted transcriptome sequencing of red ripe fruits from the two knockout
lines, CR-3 and CR-6, and the control, AC. The analysis of the transcriptome data revealed
enrichment of a total of 1004 differentially expressed genes (DEGs) (Figure 5a). Gene
Ontology (GO) enrichment analysis showed that a large number of genes are involved in
the sugar metabolism and synthesis processes. These include the disaccharide metabolic
process, cellular carbohydrate metabolic process, oligosaccharide metabolic process, cellular
carbohydrate biosynthetic process, disaccharide biosynthetic process, and carbohydrate
biosynthetic process (Figure 5b).
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Figure 4. Hexose transport activity analysis of heterologously expressed SUT2 in the yeast strains
EBY.VW4000 and W303. a-d. The transformed yeast strain EBY.VW4000 grew on SD/-Ura (maltose)
(a), SD/-Ura (glucose) (b), SD/-Ura (fructose) (c) and SD/-Ura (galactose) (d) media. In this figure, 1,
10, 102, and 103 represent the dilution factors. PDR196 was the negative control and CsHT11 was the
positive control. (e) Blue fluorescent substances (Esculin) were found in the cytoplasm, indicating
that SUT2 has a sucrose transport function; the right panel graphically quantifies the fluorescence
intensity along the white lines indicated in the left panel. The empty vector PDR196 is a negative
control, while AtSUC2 with sucrose transport activity serves as a positive control.

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis indicated that
the metabolic processes affected by these DEGs include plant-pathogen interaction, starch
and sucrose metabolism, protein processing in the endoplasmic reticulum, and MAPK
signaling pathway-plant interactions. The plant-pathogen interaction pathway exhibited
the most significant enrichment of genes. This enrichment arises from the multifaceted
interplay between plant immunity and sugar metabolism. Sugars not only function as
signaling molecules regulating immune responses, but also serve as substrates for the
synthesis of defense compounds (such as lignin). Simultaneously, plants and pathogens
engage in diverse forms of competition centered on sugar transport. Therefore, knocking
out genes involved in sugar accumulation impacts a broad spectrum of genes governing
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plant-pathogen interactions within this pathway. In summary, knocking out SUT2 exerted
substantial effects on the expression of genes related to the synthesis and metabolism of

primary metabolites, plant-pathogen interactions, and signal transduction in tomato. This

suggests that SUT2 may play an important role in these pathways (Figure 5c).
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Figure 5. RNA-seq analysis of SUT2-CR lines and WT. (a) Venn diagram of differentially expressed

genes. (b) A GO enrichment scatterplot. The x-axis represents the ratio of the number of differentially
expressed genes annotated to the GO items to the total number of differentially expressed genes,
and the y-axis represents the GO items. (c¢) Column chart of KEGG enrichment analysis. The x-
axis represents KEGG pathways, and the y-axis represents the significance level of KEGG pathway

enrichment, represented by —log10 (padj).
3.6. Altered Expression of Sugar Metabolism Pathway in SUT2 Knockout Fruits
Our research shows that SUT2 is localized to the cell membrane and is capable of
transporting sucrose from the extracellular space into the cell. However, in the SUT2-
CR lines, the SSC in the fruit was found to increase, and previous studies have reported
a decrease in sugar content in tomato fruits in SUT2-RNAI lines [34]. To explore the
underlying causes of this phenomenon, we conducted an analysis of the transcriptome data.
We focused on genes associated with the sugar metabolism pathway, and identified three

differentially enriched genes, with one up-regulated and two down-regulated (Figure 6)
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Transcriptome data analysis showed that STP1 expression was up-regulated in knockout
lines (Figure 6a), and the expression levels of CDPK26/27 were decreased in knockout lines
(Figure 6b,c). Furthermore, in the knockout lines, the expression levels of the following
genes were also altered: Sugar Transport Protein 2 (STP2), Tonoplast Monosaccharide Transporter
3 (TMT3), Fruit Sucrose Synthase (TOMSSF), Sucrose Phosphate Phosphatase, Invertase 5 (Lin5),
Early-Responsive to Dehydration Protein-like (ERDL) and Sucrose Synthase (Figure S4a-g).
Previous studies have demonstrated the positive regulatory role of STPI in modulating
sugar accumulation in tomato fruits [47], and CDPK26/27 acts as a negative regulator
of sugar content in tomato fruits [48]. It is speculated that the increased sugar content
resulting from SUT2 knockout might be attributed to the up-regulation of STP1 expression
and down-regulation of CDPK26/27.
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Figure 6. Expression level of genes involved in sugar transportation and accumulation in SUT2-CR
lines. (a—c). FPKM values of differentially expressed genes of STP1 (a), CDPK26 (b), and CDPK27
(b) in WT, CR-3, and CR-6 lines based on RNA-seq. (d—f). qRT-PCR quantification of expression of
STP1 (d), CDPK26 (e), and CDPK27 (f) in SUT2-CR lines. Data represent means =+ standard deviation
(n = 3). Asterisks indicate significant differences: “*” p < 0.05, “**” p < 0.01.

We analyzed the expression levels of relevant genes in the SUT2-CR lines. The results
showed that the expression level of STP1 increased 2.3-fold and 1.2-fold in CR-3 and
CR-6 lines (Figure 6d), respectively. The expression level of CDPK26 decreased by 35%
and 54% (Figure 6e), while the expression level of CDPK27 decreased by 74% and 32%
(Figure 6f), respectively. These findings were consistent with the transcriptome data, further
supporting the hypothesis that the increased fruit sugar content in the SUT2-CR lines may
be attributed to the altered expression levels of STP1 and CDPK26/27.

3.7. Low-Sugar Signaling Alters the Expression Levels of STP1 and CDPK26/27

The phenotypic differences observed between our knockout lines and the RNAi lines
from previous studies may be attributed to variations in SUT2 expression levels [34].
Changes in SUT?2 expression can directly impact sucrose content, and since sucrose func-
tions as a signal, alterations in its levels may induce changes in the expression of genes
involved in sugar accumulation.

To investigate whether the expression of sugar accumulation related genes is regulated
by sugar signaling, we treated the background material AC with 0.2% glucose, 0.2%
sucrose, 2% glucose, and 2% sucrose, using 0.2% and 2% mannose as controls. Samples
were collected 24 h post-treatment. The expression level of genes following sugar treatment
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was examined. At the 0.2% concentration, we observed that the relative expression of STP1
was enhanced 2.5-fold under glucose and 2.0-fold under sucrose conditions (Figure 7a),
the expression of CDPK26 was reduced by 78% under glucose and 89% under sucrose
conditions (Figure 7b). Additionally, the expression of CDPK27 was reduced by 96%
under glucose and 84% under sucrose conditions (Figure 7c). At the 2% concentration,
STP1 expression decreased by 80% under glucose and by 95% under sucrose conditions
(Figure 7d), CDPK26 expression increased 2.2-fold under glucose but decreased by 43%
under sucrose conditions (Figure 7e), and CDPK27 expression increased 3.7-fold under
glucose but decreased by 49% under sucrose conditions (Figure 7f). These experimental
results indicate that low-concentration sugar signals can increase the expression of STP1 and
decrease the expression of CDPK26/27, in contrast to high-concentration sugar treatments.
STP1 positively regulates sugar content in tomato fruits [47], whereas CDPK26/27 exerts
negative regulation [48]. These findings provide an explanation for the increased sugar
content in tomato fruits of SUT2-knockout lines.
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Figure 7. The relative expression levels of STP1, CDPK26, and CDPK27 induced by glucose and
sucrose. (a—c). The relative expression levels of STP1 (a), CDPK26 (b), and CDPK27 (c) induced by
0.2% glucose and 0.2% sucrose. (d—f). The relative expression levels of STP1 (d), CDPK26 (e), and
CDPK27 (f) induced by 2% glucose and 2% sucrose. Mtl represents the negative control mannitol, Glu
represents glucose, and Suc represents sucrose. The data represent the means + standard deviation
(n = 3). The asterisks indicate significant differences: “*” p < 0.05, “**” p < 0.01.

4. Discussion

Higher plants harness photosynthesis to capture light energy and distribute the result-
ing photosynthates to sink organs via sugar transporters. In tomato, sucrose, the primary
photosynthate, is critical for fruit quality, with sucrose transport and loading being essential
processes. Known sugar transporters in tomato include SUT1, SUT2, and SUT4. Our
analysis of published data reveals that SUT2 expression gradually decreased during fruit
development, implying that SUT?2 likely negatively regulates SSC accumulation in fruit
quality [41]. Our study demonstrated that SUT2 localizes to the plasma membrane and
mediates sucrose transport from the extracellular to intracellular compartments. Knockout
of SUT2 induced up-regulation of STP1 while down-regulating CDPK26/27, ultimately
elevating sugar accumulation in fruits [47,48].

Previous studies have shown that SUT2 exhibits glucose transport activity, and RNAi
leads to a decrease in sugar content in tomato fruits [34]. We utilized the sugar-deficient
yeast strains EBY.VW4000 and W303 to characterize the transport function of SUT2, con-
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firming its high-affinity sucrose transport capability while demonstrating no detectable
uptake of hexoses, including glucose and fructose (Figure 4).

Given the phenotypic discrepancy between our knockout line and previously reported
RNAI lines, we performed RNA-seq to identify the potential mechanisms. Transcriptomic
analysis revealed that SUT2 knockout substantially altered the expression levels of sugar
metabolism-related genes, such as STP1 and CDPK26/27, indicating that decreased sucrose
content triggers changes in the expression of other sugar-related genes, leading to enhanced
fruit sugar content (Figure 6). Sugar signaling plays indispensable roles in plant growth and
metabolism [9,49]. Altered expression of other sugar-related genes in SUT2-knockout fruits
suggests that sucrose deficiency caused by functional loss of SUT?2 triggers low-glucose
signaling, subsequently modifying gene expression profiles. To validate this hypothesis,
sugar induction experiments at varying concentrations were conducted. Quantitative anal-
yses revealed that high sucrose/glucose concentrations suppressed STP1 expression while
promoting CDPK26/27, and low sucrose/glucose concentrations induced STP1 expression
while repressing CDPK26/27 (Figure 7). These results demonstrate concentration-dependent
regulatory divergence in sucrose/glucose-mediated control of STP1 and CDPK26/27.

Additionally, elevated expression of STP2 and TMT3 in the knockout line may con-
tribute to increased sugar content (Figure S4a,b), but there further investigation is still
required. In addition to altered expression of genes potentially involved in direct sugar
transport, fruit Sucrose synthase gene expression was elevated (Supplementary Figure S4).
Concurrently, significant decreases were observed in expression levels of TOMSSF, Sucrose
phosphate phosphatase, Lin5, ERDL, and sucrose synthase (Figure S4c—g). These transcriptional
changes may collectively contribute to altered sugar accumulation in fruits, though the
precise molecular mechanisms require further investigation.

Beyond altered sugar levels, SUT2 knockout significantly reduced fruit size—consistent
with RNAi-mediated suppression phenotypes. Numerous studies have demonstrated that
fruit size regulation not only involves cell division and expansion but also depends on
phytohormone levels, including auxin and gibberellin [50]. Transcriptome analysis revealed
down-regulated Tomato AGAMOUS-like 1 (TAGL1I) (a positive regulator) and up-regulated
expression of CLAVATA1 (CLV1) (a negative regulator), potentially explaining the size
reduction, though the underlying mechanisms warrant deeper exploration (Supplementary
Figure S4h,i) [51,52].

Our study reveals that SUT2 functions as a sucrose transporter. Knockout of SUT?2
might trigger a low-sugar signal due to decreased sucrose levels, altering the expression
of STP1 and CDPK26/27, which results in increased sugar accumulation in fruit. CRISPR-
Cas9-mediated SUT2 gene editing significantly increased sugar content in tomato fruits
(Figure 2), highlighting the potential for genetic modification to enhance fruit quality.

5. Conclusions

This study reveals the functional role of SUT2 in sugar accumulation in tomato fruits.
SUT?2 expression progressively decreases during the fruit ripening stage, and knocking
out SUT?2 results in significantly increased sugar content in fruits. SUT2 encodes a plasma
membrane-localized protein and is classified as a constitutively expressed gene. Yeast
transport assays demonstrated that SUT2 imports sucrose from the apoplast into the
cytosol. Transcriptome analysis indicated that the elevated sugar content in SUT2-knockout
fruits may result from the induced expression of STP1 while simultaneously suppressing
the expression of CDPK26/27.
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